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Design, Fabrication and Testing of 30-m] dia. l)ishcxt
Carkm-Cartxm lon ltngine  Grids

Jucrgcn Mueller”, John R, Hrophy””,  and D. Kyle Brown”””

Jc( Propulsion l~boratory
California in.vtit14tr of Tcchoiogy

I’asaricno, CA 91109

Iwo sets of 30-cm dia. dished carbon-carbon Ion engirre grid sets were fabricated, assembled and
tested. ‘f’tic carbon-carbon grid blanks were fribricated from unidirectional prepreg  tape, having a
very high fiber volume fraction of S7% and resuiting  in the strongest quasi-isotropic carhotr -
carborr  mtiteriai  known to the authors. I“he flexurai  n!octrrius  of the panel material was measured at
27S hl~’a, corresponding to 80%, Of the vaiue for molybdenum. Grid hoie apertures were machined
by i~~ser-cuttirrg.  I n s p e c t i o n of the grid after fabrication revealed very tight hole tolerances,
however, radii of curvature of the screen, accelerator and decelerator grids were iarger  than
specified. The data indicate a correlation between radius of curvature and open-area-fraction of the
grid ,  possibiy caused by the laser-fabrication process. 1’0 rrlin imite tile impact of the larger
screen &rid radius of curvature relative to the accelerator grid, tile grids were mounted dished
inward.  Perveancc  and eiectron backstreaming limits were measured. At 1.7 A screen current the
frerveance Ilm]t was found to be 1.4 kV and at 1.0 A screen current it was 1.0 kV. I’he eiectrorr
hacks treaming  limit was -130 V at 1.7 A rrod .9S V at 1.OA.

lntroduc[ion

C’arbon-carbon  grid technology for usc in ion
engine acc.clc.rater systcrns  trm been under investigation by
various rcscarchcrs”)”  for .wvcral years now, lnilial mulls
of these invcxsliga[ions  have been very encouraging ctuc to
n~atcri:il propcrlics which make carbcrn-cmbon a[tmcdve
for usc as a grid material. Carbon-carbon composilc.s
consis t  of  a  graj)hilic tibcr in a carborwemrs niatrix$
consisting in turn partly of a graphi[ic  and a glassy carbon
phase.. lhrc 10 this composition of malcvials, carborl-
cmtron exhibits lhc. low sptr[[cr  yields of graphilc, ycI at
consi[ic.rably  highc.r  structural strcr~gth than graphite alone.
lllardino  C[ al.” was atk to show llia[ carbon-carbon WCa
rates duc to xenon ion slnr[lcr erosion arc very similar to
lho.sc found for graphim  and ccrnsrxpml  y otrtaincd  wear
ram of carbon-carbon vs. nlolybdcnurn  of 1:7.3 and 1:7.7
a[ xcmrn  ion cmrgics  of 500 cV and 750 cV, rcspmtivcly.

This mkxxd wear rd[c translates direrdy into
longer ion wxlcraior grid lifetimes which will incrmsc
ovcrdl  ion engine life. Typical ion engine w-vice
rcauircmc.nts  arc rnanv thousand hours for missions to the
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outer plarms,  the. Kuipcr-Rclt, L}IC  rnairl belt astc.roids,  at
conms.  ~’hc NASA Solar Iilcctric Propulsion Technology
A~)plications  FWrdinc.ss (NSI’AR)  proglarrl, which .sccks
10 validate ion c.nginc lcchnokrgy  for the.sc. types of
niissions, has a scrvicc life rcquircmcn[ of 8,000 hours,
c.orrc.s~rontting  to a xc.non throughput of 83 kg. Often
nlission sccrmios for outer planet and s m a l l  b o d y
n~issions  invo]vc the usc of 1 ion thrus[cr ope ra t i ng
.scqucntially  to achicvc  [hc required total imptrlsc. llrc use
o f  i o n  e n g i n e s  cqui~~)cd  wi[h carbon-carbon grid
technology may eliminate grid erosion as the life-lirniting
engine phcnorricna.  Ixmgcr  engine life will enable the usc
0[ fc.wcr engines and rwtum  the propulsion sys[m dry
nlass, lhc initial spacxxxaft wcl mass and overall mission
Cosl.

Previous investigations of carbon-carbon grid
tccbrrology  have focused on small (1 O - 15 cm dia.) grids
to dc.rnonstr-a[c lhc feasibility of Ibis tmhnology,  and wcvc
focused primarily on grid fabrication tczhniqucs,
rncasurcmcnl  of material properties such as coefficient of
thermal expansion (CT};)  and spuucr yield, and grid
pcrforrnarm parameters (pcwcancc  and  e l ec t ron
backstrcan]ing).  Most rcccntly, two 70(}hr  ion engine
cmdurarm  [CSM wi[h 15-cnl grid sets WMC cornplctcd a[
J PI.1, showing no dc.ic.ctablc. cvidencc of carbon-carbon
grid erosion over the duration of the tcsls. In addition, a
unique. grid configumtion  with non-circular grid hole
ajrcrturcs has tre.cn invcstigatcd2.
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This paper focuses on the dcvclopmcnt  of 30-cm
carbon-carbon grid optics rctrofrttahlc  to the NSI’AR ion
engine. The. goal of this activity is to investigate the
feasibility of fabrication, assembly and operation of k~rgc
diameter carbon-carbon grids as a follow-m to the current
NSTAR tuhnology.  Un ique  de s ign  i s sue . s  to the.
fabrication, assembly and test of large diameter carbon-
carbon grids were to bc idcnt ificd and Icmons-lcamcd  from
this aclivily will bc applied to future designs,

Grid M I)csigJI,  F~bri~afion and lnspcclion

Grid l’anel  Fabrication

IIIC carbon-carbon panels for tbc 30-cm dia. grids
were fahricatcd  in part at JPL, RF Goodrich Acrospacc,
and Acm-q”ech l,mcr  Processing, Inc. Grid design, lay-up
and curin~ of tbc panels were pcrforrncd at JPI.. Chemical
vapor infiltration ((WI), Carbmrization  and graphitiza[ion
Slagcs of t}lc g r i d  f ab r i ca t i on  wcxc pcrfonncd at ~H’
Goodrich Acr-ospact  and machining of the grid a]wturcs,
mounting holes and final machining of the. grids WCR
executed al Amrr-1’cxh  law Proc.cssing, using a law~-
cutting twhniquc.

‘IWC first of the fabrication pha.scs consisted of
l a y i n g  [Ip o f  t h e  prcprcg rmrtcrial  i n  t he  ck%ird

orientation. 1 Icrc, the lay-up was of lhc. [00/+ tXP/-6(P]s

[ypc and was performed at JI’L, using commercial
unidirectional prcprcg material. Each grid pane.1 consists of
a total of six plies, with fihcrs  ali~ncd along -W’ , + 60°,
0°,0°, +(i)” and -WY’ dircaions  in the. six diffcnmt  plies,
rcspeclivc]y.  The. lay-up is symmetrical with rcspw to
the ccntmplanc to prevent warpa~c  due. to the. highly
dirwional  thcrrnal character is t ics  of  the. plic.s’~’.
Commercial prcprcg tape from YI ,A Inc., consisting of
IXrT’ont  1;55 fiber made from pitch tnwd carbon rmi
phcnotic resin @ordcn SC] (K18 phcnolic)  was used for tbc
panel lay-up. A total of six 30-c.n] grid panels wcm
fabricatodj providing enough material for the fabrica[irm  of
3 twmgrid .scts or 2 Urrcc-grid  SCLS.

Fabrication of the grid panels is discussed in
dctiiil in Rc.f. 1. Table 1 shows some of the. material
proper t ies  of  the carkm-carbon when compmd  wilh
carbon-carkm  panels of a previous production run for the.
fabrication of 15-cm dia. grid panels’. Material prcrpcrtics
of the new grid material were obtained by using flat panel
material .sarnplcs from a fabrication run for 1 S-cm dia. grid
panels ((tcscribed in detail in Rcf, 1), since the. dished
carbon-carbon pane.ls were too cxpcnsivc  to bc sacrifrccd

*
for destructive material tc.s[ing. }Iowcvcr,  the. dished
carbon-carbon matcriai is identical to the. flat cdorr-
carborr panels of Ref. 1 since it was fabricated from the
sarnc prcprcg material, fea!ured l}IC same [0’/+ 60’’/-6(V,
lay-up and underwent the same fabrication procedure.

lllc high fiber voltrm and corresponding low

carboni~.cd resin content in the. nc.w [00/+6@/. (@]s
]}ancls, as indicated in I’able 1, is significant in that it
rcsullcd in the strongc.s[  q~si - isotropic  carbon-carbon
material known to the authors. I’hc marked incrcasc in the
fkxural modulus over the previous gcmration  of pane.ls is
of parlicrrlar  inlportancc  for the intended usc of these
parrcls  as ion engine grids. I“tlc, flcxurdl  n)odulus i s  a
cri Lical grid structural propcrry  since it dctcrmincs  how far
the grid may bend due. 10 c.lcclrostatic  or Vibrational
(launch) load<. 311C value. for the fkxural modulus in tk

()() dirc(tion  of the carbon-carbon panels now rcd~c.s
aboul W% of the. value for molybdenum. } Iowcvcr, this

irrrcasc  in flcxural modulus in the 00 direction comes at a
pric.c. IIUC to the higher flbcr volume of these panels, lCSS

cross-linkage is provided by the. rcduccd n]atrix  c.ontcal and

the flcxural IIIodulus  in the 9(P  direction is thus rcdrrxd
ovc.r l}IC val uc found for the previous gc.ncration of
panels, I’hickncs.scs  for the dished panels were. measured at
0 . 4 6  n)m for  al l  types,  i .e .  scrwm axclcrator  ml
dccclcriilor grids. Scrccn grid panels, which have a
Sorrlcwhat smaller diameter, weigh around 95 grams
whereas acc.clc.rater and dcmlcrator panels weigh aromd
108 grams  ar]d 105 grams, rcspcc[ivc.ty.

Ihc dished grid blanks were then shipped to
ACCU-3  ‘A law Processing for Ia.scr-machinirrg  using a
500” MI slow tlow coaxial CX)2 Iascr by Photon SourCCs at
a 150 W power sc[ting. Spot sin of the. laser was 0.005
inch (O. 13 nlm). ConIprcsscd  air was used as a cutting gas
to mnovc  dc.bris from [hc drill site’. No rcactivc gmc.s
wcrt. used to aide in the cutiing. 3“hc grid hole.s wcm
nwhined  by orbitirrg  lhc narrowly focu.wd  la.scr beam
along a pad] lhat was to bccomc  the hole edge. Farlicr
lc.sL\ condwmd by the authors wilh other vendors, using
the Ia.w.r as a drill rather than a cutting Icad to
d i s a p p o i n t i n g  rcsulLs4. }Iowcvcr, using the cutting
tcchniquc mc.ntioncd above resulted in cxccplional  hole
quality and outstanding accuracy and repeatability in hok
dianictcr. Ibis lmcr-cutLing  tcchniquc is very similar to
the. onc explored prc.viously by Mc.scrolc and Hcdgcs7”9.

IIIC Iascr machining includti  the cutting of the
~,rid holes (about 15,500 pcr grid), as well as the grid
nlounting holc,s and finish cutting the grid diameters.
Scrccn, accclcralor  and dccclcrator  grid dimensions were



Table 1: Material Propcriic.s  of Carbon-Carbon Panels

D . ..——
l’ropcrly l’revious Fabrication Currerrt Fabrication

[0 °/+600 /-600]s [00/+  600/-600]s

Density (g/cn]3) 1 . 7 7  — 1.83

I’hickness  (mm) 0.5(1)/0.95(3 0,46

F i b e r  try Weight 50.2% 69%
Resin by Weight 1 7.6% 34%
CVI b y  Weight 32.2% xix%)

Fiber Volume 40.1% 57%
Resin Volume 16.4%) 3V.
CVI Volume 30.0% 2-/%
Void Volume 1 3.6% 13%

Tensile Strength 308 486(3)
(h!] ’a)

I’ensile hlodrrlus 179
((; }’a)

]45(3)

Flexural  Slrenglh ?40(1  ) / 280(3 205(3) / 117(4)
(M I’iI)

}Iexural hlodulus 210(1)/161(?)

~]’a)

275(~) /61(4)
.

(] )ScfcclI (;ricl

(2) Accclcrtit[,rflkcclcralor  Grid

(3)00 I)ireclion

(4)90(’ l)ircclirm

dick?lcd b y  t h e  rcquircmcnl  to rnakc t h i s  g r i d  .sct
rc.trofittablc to the NS3’AR  engine. Photogmphs  of the
Ihrrx of the six grids arc shown in Figs 1, 2, and 3,
rcspxtivcl y. I’wo tags arc visibk  on all t}lrce grids shown
in these [Igurcs. The arrow indicam.s the, clocking hole
with respccl to which contour and grid hole rncaWrcnmnL$
were taken. The second tag is a grid identification mark.

(irid dimensions for UN three grid types arc lislcd
in I’able 2. lhc scrrwr  grid has an outer diarnctcr of 35.(KJ
cm with tbc hole pattern area extending over a diamclcr of
28.58 cm (active bcarn area). The dished area of the scrwm
grid is 33.17 cm in diameter, leaving a flat annulus around
the dish which serves as a mounting flange for the gid.
‘I?m  dcssigll  valrrc.  for the radius of curvature for the grid
was 203.2 cm, however, as will bc discussed below, the
final dish dc.pth was found to bc smaller than the design
value.. Twelve. mounting holes were ta.scr-cut equidistantly
on a bolt circle of 34.11 cm into the fta( flange outside.
tbc disbcd region. 311c grid hole sizes were mcawrrcd  to bc

1.89 mm dia. with very little deviation (+ 0.002S n~nd-
0.009 mm). Grid hole spacing is 2.21 mnl ccntcr-twcrrtcr
011 all thrw. grids. Illc opcrr area fmclion of the grid can
Lhc.n bc calculated according to

OAF = —-FE-–
6C

2 tan 30°
(1)

whc.rc d is the. hole. diarnclcr and c the ccnm.r-t~.c.ntcf  hole.
spacing. For the values given above, the. scnxm grid open
area frdction  is (X%.

‘fhc accelerator grid is of the SIIAG-type (small
hole ascc]cmtor grid) and targcr in diarnctcr (38.06 cm)
th:in the scrccn grid. 3’WGIVC  mounting holes arc Ioca[cd
on a 36.73 cm dia. bolt circle. CIcaring holes for .scrcws
nmrnting lhc dccclcrdtor  grid arc lc=zrtcd on the. same bolt
circle. clocked 15° and clearing holes for the heads of
screws used to mount the. scrccrr grid beneath the

3



I~ig. 1: Scrczn Grid

Fig. 2: Accxlcrator  Grid

aoxlcralor  grid arc lcx%tcd on a 34.11 cm bolt circle.
C3caring  holes for tbc .scrcw heads prevent contact between
grids. The axzlcm(or  grid dished ama is the same as the
scrrxn ~rid.  }Iolc diameters were mcawcd  to k 1.13 m n)
and again vc.ry litllc deviation from the mean hole
diameter can be noted & 0.02 mm). From the avcmgc
hole diamc.tcr ad the grid hole spacing of 2.21 mm, the
open area fraction of the rsxclcmtor  grid is calculated to
23.5 %.

‘l”hc.  kdwzr[or grid has lhc .samc 01) as the
acdcmtor gr id and the same dished area as the scrccn and

-u. A.&. J. !&r *.

I;ig. 3: Dccc.lcr-ator Cirid

accclc.rater grid.  V“hc.  bolt circles for the. grid mounting
holes arc idcnLical to the. ones on the accclcmtor grid but
clocked 1 SO. IIIC dwclcm[or  grids includes clearing ho]cs
for scrccn grid and rwcclcra[or grid mounting screw heads.
IWclcrator  hole diameters arc 1.77 mm on average,
resulting in an open area fraction for the dccclcrator  grid of
58 %.

hlounf  Ring Fabrication

In order to save weight for the total assembly d
match CTE’S with the grids, a cartmn-carbon mounl ring
was fabricated for the. 30-cm grid set, A phonograph of the
mount ring is shown in F~ig.4. ‘lTrc, mount ring was laid
up from sc.gn~cnLs of plain weave fabric made from PAN
tmcd  Amoco 3’-300 fiber and phcnolic resin @ordm
SC IO08). Segments of the plain weave fabric arc slill
visible in the finished product, shown in a closer view in
I’ip,.5. In [his  frgurc,  the. mount ring is shown before
machining of the mounting holes. ‘f’hc  lay-up and curing
were pwformcd wilh the help of an aluminunl frxturc
shown in I:igs. 6 and 7. The mourr[ ring was laid up in
the lJ-shaped crcvicc formed by the fixlurc., giving, the ring
its shape. After completion of the lay-up, a long slab of
silicon rubber was in.scrtcd into the crcvicc, covering the
composite lay-up and fixated with a large hose clamp. ‘lhc
entire assembly was then placed in a circulated air oven at

175 ‘C for 16 hours for curing. Pressure was providd  by
dmrnlal expansion of the silicon rnandrc].
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Table 2: Dcscriplion  of 30-COI  Carbon-carbon  Grids

=.
Descript ion of  30-cm Carbon-Carbon  Grids

Common to all G r i d s
Grid Material

Grid Shape
IIearn Diameter (cru)

Ilole Quantity
}lole Spacing (n)m)

Screen Grid
01)  (cm)

01)  I)ish ( c m )
Thickness (mm)
}Iole D ia .  (mm)

Open Area Fraction
Weight  (graro)

h~anu~dcturing  Technique

Accelerator (;rid
01) (cm)

01)  l)ish  ( c m )
Thickness (mm)
}Iole I)ia. ( m m )

Open Area Fraction
Weight  (gram)

hlanufacturing  I’cchniquc

l)ccelcrator  Grid
01)  (cm)

01)  I)ish ( c m )
Thickness (mm)
Ilole D ia .  (mm)

Open Area Fraction
Weight (gram)

Manufacturing Technique

Mount Ring
ID (cm)

OD Upper Flange (cm)
01) Lower Flange (cm)

Material
Weight

~arbon-~artwn
I ~ished
28.6

-15,500
2.21

35.(K)
33.17
().46

1.89 (+0.025/-0.009)
66 %1
43.6

I ascr  Ihilling

38.06
33.17
0.46

1.126 (+/- 0.02)
23.5 %

80.2
1 ascr I}rilling

38.06
33.17
0.46

1.77(+ O.(KW-O.01)
58 %

58.4/60.6”
laser t)rilling

33.17
35.06
38,06

(:arbon-~arbcm
222.6

Mar)ufttc(urirrg T e c h n i q u e Mechanical
—-. —.

“ T’wo grids weighed

l;inal machining of  the  mount  r ing was
pexfonncd  by ElcctroTwh  Machining. ‘I%c rnourrt  ring
has an 11) of 33.17 cm, equal to the diameter of the. dkhcd
area of the grids and two flanges. The scrcm grid is
mounted to the upper ftarrgc,  shown in Fig. 4. Cc.rwnic
spacers i]n’. mounted to the lower flange, which in turo
supporl the acwlcmtor and dccdcrdlor  grids. The. 01} of

the upper flange is identical to the 01) of the scrmr  grid
(i.e. 35.06 cm) and the OD of the lower ftarrgc is irkmlical
m the 01X of the Xcclcmlor and dcwkdtor grids (i.c,
38.06 crrl). ‘1’hc lower flange. also features six mounting
ho]cs  for a[taching the rnoun[  ring to the ion crrginc.
~“hcsc mounting holes arc placed uniformly spxzd  on a
36.I9  cm dia. bolt circle. Overall height of the. mount

5



l’ig. 4: Carbon-carbon Mount Ring

I’ig. 5: Chsc.-up of Cartmn-Carborr  Mount Ring
showing Details of Lay-up

I
‘-%,

. . .,

d“
.,-., ‘“

/.,

~’::- ;’  ,s , , ,
.( <—._  ... ,

#K.L-_...

l’ig. 7: Aluminum Fixture for lhc Mount Ring
(I)iwwmlblcd)

ring, measured fronl  the bouom surfx.c.  of the lower
flange to the top surfwc  of the uplrcr flange, is 3.48 cm
(+0.1 /-().3 cnl).

lnspcrlicm of lhc mount ring after the
carbonization, graphitiz.alien and O’] phases of the
fabrication pracss  rcvcalcd that the two flangm (upper and
Iowcr)  of lhc ring were not parallel, probably as a result of
the high tcnlpcraturc  f:ibricalion proccsscs  and the f:ict that
the. mcmrrt ring was high-tcrr~pcralure  treated frcc+tanding,
bccauw dlc alum inurn and silicon rubber tooling was not
ahlc 10 u’ilhsklnd  the lcmpcraturc.s. ‘Ihc upper flange drops
with rcspct[ to the lmvcr  flange by about 0.2 - 0.6 mm
toward d)c mrk?r edge. of dw ui~pcr  ftangc dcpcndirrg on
Iocalion  along the circurnfcrcrrcc..

Figure 8 shows an asscrnblcd grid SC1 consisting
of [hc nlounl ring and (WO grids, a scrwn and accck.rater
grid. 311c over-11 grid set mass is 5S0 grams. Although
difficult to rcmgnim  in F’ig. 8, the grids arc rnountcd
ctis}mi inwardly, The rmson for n~oun[ing the grids in this
fz$hion u’as to minirnizc the prxfonnarrcc  impact of the
diffcxcncc in scrcmr and acczlcmtor  grid dish depth.s. Ihc
.wnxn grid has a slightly Iargcr radius of curvature than
the accelerator grid,  Mounting the grids dished outward
from the engine would have resulted in a Iargcr grid gap
bctwccrr the scrccn and accclcritor grids near the ccntcr of
the grids  and a smalicr gap towards the cxfgcs. l’hc twain
currcrrt dc.nsity distribution of an ion engine gcncmlly
peaks on the. ccmtcrlinc.  By dishing the grid set inward, a
srrlallcr  grid gap could bc maintained near the czntcr  of the
grid, Icading  to a higher extractable kcam currcmt.

}Jig. 6: Aluminum Fixture used in Mount RirlS
I’atrrication  (Asscrnblcd)



,

k’ij!.  ~: Asscrnblcd  7’wrr-Grid  N-cm  dia. Carhr-C2Mxrn
Grid SC(

(;rid-Set Inspection

Following the fabrication of [k grids,
mcasurcmcn(s of grid hole. diarnctcrs,  the. radius of
curwuurc,  and the g r i d  g a p  twtwczn l}IC .scrccn ad
accclcralor  grid of the moun[cd on the carbon-carbon
mount ring were pcrforrncd.

Mea.vrumm(  of Crid Ilok Dianwk?rs

lhc rrmasurti grid hole siz.cs for the ditTacrl[
grids a~cgivcn  in Table.2. Grid hole nlcasurcmcntswcrc
pcrfomlcd with a MicrcrXccl optical nmasurcn~cnlsy  stc.n]
equipped with a Ram Optical Instrumentation cmwt.
Mcasurcmcrus  u s ing  t h i s  systcm arc ccoductcd  b y
focusinga  czrmcmwith  a fixed focal length on onc ho]c
edge.. A highly rnagnifrcd image (up 10 250x
magnification) is transmi[tcd  for display on a monitor
whichallow sthcopcrato  rtoadjus  [thcfoarsof  the, irnafy
bynloving  thccamcrapl  atform accordingly .Thc position
of the carum platform in x-, y-, and z-coordinates is
dctcrmincfi.l’hcca mcra is Lhcn rnovcd until thcoppcrsitc
hole siclc is brought into focus and the systcm provides an
x, y-, and z.-rcd OU[ for this ncw position. Noting the.
distancc  the, can~crah&stravclcd  in x-, y-, andz-dircztions
allows the determination of the hole diameter.

Inspection of Grid Curvature

Mcasurcn~c.nL%of  the Iadius of curvature of the
grids wcm. pc.rforn]cd with the. samcoptical  tcchniqucuscd
t(~dc~.nllirlc.ticgrid  hole diamc.trx dcscribcdabovc.  }lc~c,
the grid was ptacat  onto a flat bench (cqml or Icss than

0.008 nln]/n] variation), serving as the horizontal
rcfcrcncc  plane, with the convex side. of the grid facing up.
The fixed fecal-length camcm was first focused onto the
top (convex) surface of the grid by positioning it properly
with respect  to the grid surface. Then, by moving it
downward in the +Z direction (compare with Fig. 9), the
carncrd was fccu.scd onto the flat bench surface bcncatb the
grid. Noting the shift in the z-coordina[c  of the cwncra
platform allowti the dctcmliMtion  of the height of the
top surface above the surface of the fiat bench. The x- art
y-coordinate.s were also noted to deter-mine a height prolilc
of the grid. An (x ,y~) coordina~c. systc.m was defined with
rcspxt to the grid as shown in Fig. 9. I’hc origin was
placed at the. ccntcr (apex) of the. grid and the + x direction
pointed toward the clocking hole identified try the arrow-
mark in F’igs.  4 through S. The +Z. -axis fad downward
toward  the bench.

I?rc. measured hc.ight of the. upp grid surfiwc.
above the bcrrch surface (Iabc.lcd z, in T’ablcs 3 through 5
below’) was [hen cornpamd with the calculated value for
this hcigbt (Iabclcd X.al, in the tables bctow) bawd on the
design value for the radius of
dish, this value is given by

$-2”

‘cdc =  h ’  sin(cos’] -  x  ~

curvature. I:or  a spherical

J’2 ) . J/’ - ,~2 (2)

} Icrc R is tbc raciius of curvature for the top surface of the.
grid, x and y arc tbc coordinates of the grid location undcx
consideration, with the origin loca[cd at the grid, and s is
the rdius of the dished area as shown in Fig. 10. Note
thai the design value for the radius of curvature was given
for the iowcr grid surface, wiliic the height z. of the grid
surface is rncawrrc.d to the top surface of the grid,

Clccking Hole
“x 4-----(’

\
+2 t /

- -~~:~>
——. _ . . .._ —-----  - --——’

Fig. 9:
/

CWrrdina[c  System  for Grid Gmtour
Mcasurcrncnt.s
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Fig. 1(): Gczxnctry  of the Dished Grid

l;or this reason, the value fol R in Eqn (1) has to b.
incrcascd try the grid thickness, i.e.

h’= R1,em8n  -1 t (3)

where A!1k,i8X  is the spczificd design value for the mdius of
curvature as measured al the Iowcr  grid surface, i.e. 2,032
nm~ and t is the grid thickness of 0.46 mm. Note furlhcr
that duc to measuring the grid hcigh[ to lhc upper grid
surface, idcall y the. value. for ttrc radius of the. dish, s, also
}rm to bc incrca.scd aczordirrg  to

where .$[~,i~. is the spczificd design value for s, i.e.. 16S,9
mm and t is the grid lhickncss again. l’hc vaiuc in
brackc.ts  is very ciosc to unity and sub.scqucrrlly lhc value
for s was approximated by lhc design values sl,,,i~. given
for the lower surface.

Using the calcutatcd vaiuc for the upper grid
surface height over the horizontal rcfmc pianc (i .c. the
bench), zml,, the diffmcrrcc of the measured height from
the design height can bc dc.tcrmird  and the deviation from
the idcai grid shape can bc quantified. q’able 3 lists the
corrcs~ronding  valucxs for onc of the two scrczrr grids that
were fabricated. From Table 3, it is clearly evident that the
wrczn grid surfac~ is significantly less curved than the
design intended. TIc diffcrcncm  trctwccn actual height d
the dcsigrr value. of the hc.ight vary across the grid,
decreasing toward the edges of t.hc grid. Ilowcvcr, C1O.SC  to
the rxntcr  of the grid, the apex of the grid surface is about
1 mm iowcr than iLs design value. Even though the grid
dom not appear to bc pcrfcd y spherical, an approximate

rddius  of curvature of the .scrcm grid bawd on the.
c.urvat urc mcasurcmcnLs may bc dctcrn  Iincd from

(5)

where d is the grid thickness (0.46 mm). For a maximum
height of about 5.7 mm, the approximate radius of
curvature is 23.7 cm, or about 3.5 cm larger than its
design value. of 20.3 cm.

lnspczting q’able 4, the acczlcrator  grid also
shows a fla(tc.rred  profile. when com~k?~’d with its dc,sign
contour, howcvc.r, the diffcrcnccs  arc ICSS  pronmrrmd  than
for the scrcmr  grid.  1 lcrc, the actw?l grid apex height fails
shorl by aboul 0.3 mm from iLs design vaiuc.  Also, slight
non-symmetries in the profile of the accclc.mtor grid can
bc noted when inspecting grid hcigh(s  measured along the
horizontal and the diagonal intersecting the second d
fourth quadrant of the grid (compare with I’ig. 9). ‘lhc.sc

non-symmetries may bc duc m grid warping and al
opposilc sides of the grids at qual dis~ncr.  from the. apex
lhc.sc diffcnmccs  amount m about 0.3 - 0.4 nml. l~vcn
though a balanced [00/+ fii)O/-60”] lay-up was cho.scn  to
limit grid warpagc,  slight imbdanccs  in the. lay-up may
have mcurmd duc to small, hxalizcd diffcxcnccs in the
thickness of the. prcprcg material caused by splits in the
Lajx2 for example.

I]ascd on the. rncawrcd  a~wx height of
approxirnatciy  6.45 mm, the radius of curvature may bc
cs[irna[cd  using Iiqn. (5) with the assumption that the grid
profile is sphcricai.  The. radius of curvalurc  of the
accelerator grid is then dctcnilirrcd  m 21.35 cm, almost 2.
cm smaller than the value calculated for the. scrccn grid.
This diffcrcmx in radius of curvature for the two grids is
the source of the difficrrltics cncountcrcd when trying to
mouru thcm wilh an outward dish, “J’hc  shallower scrccn
grid mounted bcrrcath the more sharjd y curved &XzdcrWsr
grid will leave a bigger  gap bciwczn the two grids near the
ccntcr (w. Fig. 11). By mounting the grids with the
convex side of the dish facing toward lhc engine, the.
shar-ptx  curved accelerator grid mounted above. the scrccn
grid Icavcs a smaller grid gap near the grid ccntcr. It
should bc noted thal changing the grid orientation in this
fashion was only possible bccausc  placcmcnt of the. grid
holes was not compcrrsatcd for the grid curvature and holes
were cut parallel to the axis of rotational symmetry for the
grid rather than normal to thc  grid surface.



l’able 3: Contour McasurcamnL$ of Scrc.cn Chid

7 . =

~~ z z Cillc z-z Calc delta z.
( m m ) ( m m ) ( m m ) ( m m ) ( m m ) (%) :

Ve.rlical
125.94
98.71
73.06
31.42
6.29
5.69
5.32
4.06

-24.14
-48.90
-105.08

}10ri7.onlal
9.56
9.09
8.84
8.42
7.07
S.69
4.91
3.80
2.84
1.63

Diagonal 1-Ill
97.87
66. ?4
39.39
20.35
-9.11

-2.8.91
-51.01
-73.55
-91.86
-100.10

Diagonal II-IV
-90.07
-62.63
-43.53

-2.02
-2.29
-3.41
-4.93
-9.39
2.25
-0.09
6.57
5.54
4.63
2.57

-127.46
-96.67
-6s.80
-44.45
-19.55
17.77
39. ]3
63.55
89.60
122.63

91.99
62.15
37.81
23.09
-16.05
-29.84
-52.07
-65.10
-82.15
-96.39

88.38
58.89
37.20

2.64
3.81
4.70
5.63
5.75
5.78
5.79
5,72
5.69
5.16
3.37

2.53
3.85
4,88
5,46
5.77
5.68
5.32
4.74
3.96
2.81

2,26
3,93
5,02
5.51
5.78
5.50
4.66
3.76
2.72
1.99

2.69
4.25
5.12

2.87
4.38
5.46
6.53
6.75
6.77
6.77
6.76
6.63
6 . ] 8

4 . 0 6

2.75
4.46
5.69
6.27
6.67
6,69
6.40
5.78
4.80
3.07

2.33

4 . 7 s

6 , 0 4

6 . s 4

6 . 6 9

6 . 3 5

5 . 4 7

4 . 4 0

3 . 0 4

2 . 0 2

2.86
4.96
5.97

-0.23
-0.s7
-().76
-0.90
-1.00
-0.99
-0.98
-1.05
-0.94
-1.02
-(),69

-0.22
-0.61
-0.81
-0.82
-0,90
-1.01
-1.08
-1.04
-0.84
-0.26

-0.07
-0.81
-1.02
-1. (M
-().92
-0.86
-0,81
-0.64
-0.32
-0.04

- 0 . 1 6

-0.71
-0.85

-8.01
-12.92
-13.96
-13.79
-14.80
-14.56
-14.55
-]5.50
-14.18
-16.50
-17.06

-7.97
-13.67
-14.25
-13.00
-13.54
-15.06
-16.83
-18.05
-17.55
-8.54

-3.18
-17.13
-16.88
-1 S.82
-13.72
-13.48
-14.89
-14.63
-10.47
-1.7s

-5.67
-14.31
-14.25



Table 4: Contour Mcasurcmcnts  of Accclcrator  Grid8 =.
~~ 7, z Cillc 7,-7 Cfllc l)elta z

(mm) ( m m ) (mm) ‘– (mm) ( m m ) ( % )—
Verliclll

137.21
112.00
84.24
48.43
21.15
12.13
0.10
-4.68

-24.34
-44.17
-59.47
-82.91
-102.52
-137.24

t lorimnlal
0.85
1.01
2.37
3.11
1.13
1.98
1.13
0.34
0.15
1.58
1.19
1.04
0.33
1.20
1.31

l)iaeonal 1-111
83.37
71.22
57.47
45.50
31.6]
?6.70
18.01
11.83
4.00
-7.26

-19.78
-28.08
-47.48
-54.30
-66.37
.79,90
-88.68
-97.87

l)iammal  II-IV
-95.16
-86.30
-75.29
-61.78
-48.98
-37.64
-19.58
-10.82
2.74
11.24
24.49
36.52
50.64
61.88
75.31

2.02
0.73
1.41
1.21
0.87
0.44
1.70
2.19
2.39
1.74
2.10
3.01
4.58
1.07

-131.01
-69.39
-55.15
-38.22
-14.89
-6.63
3.18
10.48
16.78
35.25
58.13
79.65
100.93
118.51
133.14

76.6S
63.62
52.01
38.67
25.73
20.76
12.67
6.76
-1.12

-12.42
-21.83
-34.07
-46.87
-58.3S
-67.93
-79.57
-90.19
-98.88

93.60
85.65
74.08
62.73
47.28
36.78
24.10
13.82
-1.06

-10.35
-25.7S
-37.95
-51.96
-62.65
-74.22

2.09
3.60
4.84
5.94
6.41
6.40
6.45
6.48
6.26
6.01
5.66
4.84
4.04
2.07

2.60
5.38
5.79
6.15
6.44
6.44
6.45
6.44
6.38
6.18
5.64
4.91
3.98
3.05
2.18

3.39
4.28
5.03
5.57
6 . 0 5
6.18
6.32
6.38
6,47
6,44
6.31
6.05
5.44
4.99
4.43
3.60
2.79
1.99

2.23
2.92
3.79
4.55
5.36
5.77
6.18
6.33
6.50
6.39
6.20
5.86
5.32
4.71
3.89

2.14
3.69
5.03
6.20
6.67
6.74
6.78
6.77
6.63
6.30
5.91
5.08
4.19
2.14

2.55
5.59
6.03
6.42
6.72
6.77
6.78
6.75
6.71
6,47
5.95
s.??
4.27
3.32
2.41

3.62
4.53
5.30
5.90
6.37
6.50
6.66
6.73
6.77
6,73
6.56
6.30
5.68
5.21
4.56
3.65
2.84
2.01

2.39
3.14
4.03
4.87
5.64
6.10
6.54
6,70
6.78
6.72
6.47
6.10
5.48
4.87

-0.05
-0.09
-0.19
-0.26
-0.26
-0.34
-0.32
-0.29
-0.37
-0.29
-0.24
-0.2s
-0.14
-0.07

0.0s
-0.22
-0.24
-().27
-().28
-0.32
-0.32
-0.31
-0.33
-0.29
-0.31
-0.30
-0.29
-0.27
-0.23

-0.23
-0.26
-0.27
- 0 . 3 3
- 0 . 3 2
-0.31
-0.34
-0.35
-0.30
-0.29
-0.25
-0.25
-0.24
.0.22
-0.13
-0.05
-0.05
-0.02

-0.16
-0.22
-0.24
-0.32
-0.28
-0.33
-0.36
-0.38
-0.27
-0.33
-0.26
-0.23
-0.16
-0.16

-2.45
-2.52
-3.88
-4.14
-3.89
-5.02
-4.77
-4.35
-5.54
-4.61
-4.11
-4.83
-3.39
-3.44

1.86
-3.86
-3.97
-4.20
-4.1s
-4.76
-4.74
-4.62
-4.89
-4.51
-5.17
-5.83
-6.73
-8.10
-9.43

-6.41
-5.64
-5.05
.5.55
-4.97
-4.80
.5.09
-5.26
-4.49
.4.2S
-3.85
-3.98
-4.31
-4.23
-2.86
-1.40
-1.74
-0.82

-6.81
-7.08
-6.07
-6.59
-4.93
-5.43
-5.48
-5.60
-4.04
-4.87
-4.09
-3.83
-2.98
-3.35

4.03 -0.13 -3.33
~ “8946 2.54 1.86—.
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Table 5: Contour hk..urcmcn~s  of Dccclcralor Grid

s
~~ z z, Calc 7.2 talc Delta z

( m m ) ( m m ) ( m m ) ( m m ) ( m m ) (%)
}[nri7nnlfil

136.09
74.51
53.99
42.37
19.19
4.72
3.39
-4.45

-29.15
-44.45
-65.37
-94.69
-117.77
-135.61

Vcrlical
1.60
0.30
-0. s5
-0.94
-0.58
-0.48
0.75
0.73
1.18
1.87
2.76
3.28
6.35

Diaeonal  1-111
89.61
69.74
45.83
26.68
9.42

-10.74
-29.04
-50.16
-62.61
-75.35
-88.75
-96.84

I)iaconal  11-IV
-105.98
-94.27
-79.66
-59.40
-39.46
-25.50
-10.60
21.87
33.24
54.04
7211
~ -8799 1.91 4 0.33 14.69—

4.50
0.24
0.64
-0.04
-0.90
0.10
-0.21
-0.05
1.06
0.73
0.50
0.82
0.39
1.26

-134.72
-106.55
-80.61
-58.77
-40.28
-23.09
-0.94
7.37
30.16
49.91
82.88
109.30
134.66

99.71
77.11
55.89
39. *O
22.07
-6.31

-22.78
-37.39
-50.16
-63.71
-80.25
-92.78

82.66
75.26
57.90
47.13
31.61
19.44
7.39

-25.03
-30.05
-63.23
-67.67

1.81
4.74
5.44
5.71
6.09
6.18
6.19
6.20
5.97
5.74
5.19
4.07
2.99
1.96

2.09
3.4X
4.64
5.37
5.75
6.06
6.17
6.21
5.95
S.60
4.48
3.30
1.95

2.05
3.55
4.91
5.64
6.07
6.18
5.88
5.28
4.62
3.86
2.87
2.10

2.06
2.84
3.89
4.84
5.50
5.89
6.14
5.96
5.6S
4.48
3.79

2.21
5.41
6.06
6.34
6.69
6.77
6.78
6.77
6.57
6.29
5.73
4.s7
3.36
2.25

2.31
3.98
5.18
5.93
6.38
6.65
6.78
6.76
6.55
6.16
S.09
3.83
2.30

2.35
4.12
5,49
6 . 2 ?
6 . 6 4
6 . 7 4
6 . 4 4
5.81
5 . ] 9
4 . 3 8
3 . 2 5
2 . 3 5

2.33
3.20
4.39
5.36
6.15
6.53
6.74
6.51
6.28
5,08
4.37

-0.40
-0.67
-0,63
-0.62
-0.60
-0.60
-0.59
-0.58
-0.60
-0.56
-().53
-0.50
-0.38
-0.29

-0.22
-0.50
-0.54
-0. s6
-0.63
-0.59
-0.60
-0.56
-0.60
.0.56
-0.61
-0.53
-0.36

-0.30
-0.57
-0.58
-0. s9
-0.56
-0.56
-0.s7
-0.54
-0. s7
-0.52
-0.39
-().25

-0.27
-0.36
-0.50
-0.52
-0.65
-0.64
-0.59
-0.54
-0.64
-0,59
-0.58

-18.00
-12.32
-10.31
-9.84
-8.92
-8.79
-8.64
-8.53
-9.13
-8.84
-9.29

-11.04
-11.17
-12.90

-9.41
-12.51
-10.39
-9.46
-9.93
-8.82
-8.90
-8.27
-9.19
-9.14

-11.95
-13.94
-15.49

-12.94
-13.87
-10.52
-9.4s
-8.49
-8.31
-8.81
-9.27

-11.05
-11.82
-11.84
-10.45

-11.68
-11.12
-] 1.38
-9.73

-10.61
-9.77
-8.80
-8.34

-10.15
-11.72
-13.24
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The data in Table 5 indicate that the dccclcxator
grid contour ha$ ftattcncd  to a dc~ ranging bctwccn tbc
radii of curvature of the scrwrr  and accclcrwor grid,  ‘Ihc
apex of the grid is about 6.2 mm, or about 0.6 mm Iowc.r
than its dcxsign value. The equivalent radius of crrrvahrm
acmrding to Eqn. (5) is 22.21 cm. Again, some non-
symmctrics  can k noted in the dccclcrator grid hcigh[
distribution, in particular along the horizontal axis lis~cd
in Tahlc. 5. Ilowcvcr,  diffcrcrccs  al opposite sidc,s of the
grid along this horizontal axis differs by only 0.1 mm ad
may again bc duc to a slight warpagc of the. grid.

‘I?w height diffc.mm  bctwccn the actual grid
hc.ight and its dc,sign value at the ccntcr of the. grid
cmrc.latcs WCII with the o~n area fraction of the grid (f~ig.
1 ‘2). The larger the open area fraction of LIIC grid, the. larger
is the shortfall in grid height at the ccnLcr from its design
value. Although nc)t yet fully undcrslmd, it is possible
thal residual stresses that runairrcd in the grid panel aftc~
fabrication may bc responsible for this behavior. Since for
the grids with tk larger open rrrca  fraction lCSS grid
material remains tc) counter these residual stresses, tky
shallmv to a highc,r dcgrw  than the grids with lower o~)cn

an-a fmctions.
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}~ig. 12: C%ange in Dish Ikpth vs. C)pcm-Area Fractiorl

Inspection of Grid Gaps

Grid gap nK2surcnlcnLs  wcrv  pcrforrncd  on the
assembled grid set consisting of the inward di.shed scrcm
and accelerator grids, The same optical nwasurcmcnt
tcchniquc used in the grid hole dclcrmination  and grid
contour n~casurc.mcnLs was used, }Icrc, the grid set was
pk~ced on the flat bench dcscntwd  atmvc with the. scrccn
grid facing upward and the carncra  was first focu.scd onto
the Scrcm grid top surface near the edge of a grid hole.
Next, by moving the flxcd-focal  length camcrd  dmvnward,
it was foc u.scd onto the. accc.lcrator  grid surface beneath the
scrccn grid and the. shift in z-coordinate was dc.tcnnincd.
Ihrc to the S} IAG optics design of the ac.cdcralor grid a
sufficicmt  amount of grid surface was visible through the
scrc.crl gi id alwmrc..  Aflcr subtracting the Scrcm grid
thickrrc.ss from the otr.smvcd shift in the ?.-coordinatc the
grid gap v’as obtained.

I’ab]c 6 lists grid gap n~casurcmcnts for t.hc

awcnitdcd  grid set shown in P’ig. 11. Ilm x- and y-
ccmrdinatc.s arc measured agiiin from lhc ccntcr of the
smc.n grid. As can bc seen, CIOSC to the grid ccntcr grid
gap values of about 0.5 mm arc obtained which is CIO.SC  to

[ypical grid sepanilion  valrrcs. Near the. cdgcx the grid gap
incrcascs as would bc cxpcxtcd from the. diffcrcncc  in
~idius of curvature for the. .mcm  and acczlcmtor  grid. The
largcx grid gaps near the grid edges arc c)bviously
Undc,sirdb]c.,  brswcvcr, s i n c e  cxtmctcd bcarn currcru
cfc[lsilic.s  arc lower rwr the edges of the beam cxrraction
area, grid Iuforruancc  may bc compromi.scd  Icss than
would bc the case if the larger grid gaps occurred near the

grid ccn[cr, dc.pmding on the ion beam current density
pro fllc.

Grid Testing

lest Sef-rrp

The grid set shown in Fig. 8 was mounted to a J-
scrics type ttrrustcr”” that has been modified for inert gas
opcralion  as dc.wribed  in Ref. 15. }:igurc  13 shows the
operating J-.scrics lhrustcr with the inward dished carbon-
carbon grid set auachcd.  ‘f ’csts were performed in a 2.4-m
diameter and 5.5-n~ long stainless stcd  vacuum chamber
wtuippcd with three oil diffusion pumps. The pumping
.spccd on xenon is approximately 14,000 1/s. Vacuum
chamber pressure nmasurcn~cnLs  WCXC, made with an ion
gauge directly calibrated on xenon. Typical vacuunl
pressures during engine operation were 2.5-4 x 10”3 Pa (2
-3 x 10s q’err). ‘f?)c  no-load pressure in the facility is lCSS
than 4 x 1 ()”s Rr (3 x 10’7 Torr).



3’able 6: Grid Gap Mca.surcn~cllts

a

‘~”~
(fnn,  )

—  Vcrlical
.  . . _

139.47
128.09
116.28
100.18
78.21
48.95
35.03
27.33
14.94
6.10
-1.73
-3.91
-6.68

-16.43
-30.38
-45.31
-s9.79
-76.43
-96.60

-118.52
}Iori7.on[a]

-1.04
0.5]
1.85
-2.01
-1.24
-2.26
-2.90
-4.04
-0.91
0.28
-1.60
-2.18
-1.83
-3.58

Dia~onal  I-III
93.22
71.09
39.95
-30.56
-64.97

-109.42
Diagonal IV-II

-2.54
-2.01
-2.44
-0.25
2.54
0.30
0.”16
-0,10
-0.56
0.64
-0.28
0.05
2.36
-0.43
-0. ?8
-0.43
-0.36
-0.23
-3.6(,
-4.50

-140.00
-98.88

-112.75
-73.41
-50.42
-38.58
-21.34
9.70
31.01
57.99
77.55
99.()()
118.26
141.55

104.06
72.52
37.62
-19.43
-46.02
87.73

1.11
0.82
0.64
0.43
0.27
0.33
0.51
0.44
0.60
0.58
0.49
0.55
0.60
().62
0.69
0.64
0.67
().72
().72
0.92

1.03
0.51
0.63
0.45
0.45
0.52
0.57
0.61
0,61
0.57
0.61
0.61
0.80
0.98

0.80
0.52
0.43
0.63
0.73
1.07

79.78 -112,17
38.13

0.98
-48.74

18.67 0.33
-27.74

-18.03
0.42

16.08 0.64-45.19 56.21 0.66
-68.86 89.66
-80.44

0.85
112,47 1.20—. s
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l;ig. 13: N)-cmdia.  Carbon-Carbon Grid SCJ nmrrntcd  on
J-Series Type Thruster. 7’wo-Grid  Sys[cm,
Disht Inward.

Tlrc propcllarrt  flow control system was &.scritmd
in detail in Ref. 12. This flow sysmn was designed for
the. segmented ion thrr.rstcr (SIT) dc.scritxxt in that rdcmKc

and consisted of four parallel brdnchcs for the four
scgnvmLs of the. SIT engine. Ilcxc, only onc of the. four
branchm  was u,scd.  The same set of power supplies as
u.wd in the SIT thrus[cr  tests was u.scd, consisting of
laboratory power supplies throughout ] 2 . For the main
di.w}raq:c 0-50 V and O-20 A supplies from Power Ten,
inc. arc used. I’hc high voltage supply is a custom 12 kW
(6 A rind 2 kV) supply made by Spcllrnan. TIM cadmdc
and ncutraIiz~r start supplies arc made by Kcpco.

Tes! l’rocedures

Perwwrm  Mcawremcnts

Vlc  pcrvcancc of an ion engine grid dcscribm its
ability to extract current from the disctmrgc  chamber.
Pcrvcancc  mcamrrcmcnts  were performed by keeping the
scrccn current (beam current plus accclcra[or impingement
currcnl)  constant while. varying the total grid voltrgc
bclwcm the. scrczn and accelerator grids and measuring the
accclcralor  inlpingcmcnt  current. In ordcx  10 ensure a
constanl  scrccn  crrrrcrrl,  the di.schargc current wat adjusted
accordingly. Illc swccn current is slightly larger than the
bcarn current by an amount equal LO the accclcrdmr
irnpingcmcnt currcnlc

Lkc[ron  Bachtreanring  Mea.wmmcnts

Ille.aron backstrcaming occurs  w h e n  t h e .

(negative.) acxxlcrator grid voltage bccomcs too small (in

.

rnagnitudc) to shield the discharge chamber plawna fmm
clcdrons  in the beam plasma, Backstrcaming  electrons
cau.sc an incrcw+c in scrcxm grid currcnl,  indicating that the
electron backstrcaming limit has been rcachcd,  Ilc.rc,
acc-clc.m!or  voltage was lowered manually to the point of
clcztron backstrcaming onsc[.

Rcsr. rlts

Pcrveancc Mea.wrwncnts

I’igurc. 14 shows the pcrveanc.c.  data obtained with
the inward dished 30-cm carbon-carbon grid set at scrcxm
currcnLs of 1.7 A and 1.0 A. In bod~ ca.scs scrwn current
varic.d slightly during the course of taking the data shown
in F’ig.4.  Pc.rvc.ancc  linliLs for the. 1.0 A .scrcc.n  current MC
around 1 kV and for the 1.7 A caw around 1.4 kV. These
values arc compared in }~ig. 14 with values obtained
previously’ b for a molybdenum grid .sct mourmd to the.
.samc thruster, Ilw molybdenum grid SC[ consisted of a
sxcc.n and x.cctcm~or  grid with sarnc. hole. gc.on)ctrim  as
the grids used in the. carbon-carbon set. However, the
nlolybdc.nurn  set was dished outward and a snui]lcr grid
gap of 0.66 mm throughout the systc.m.  As a result,
pcmmancc  limits wwc lower for the molybdcnunl  set. At
1.76 A and 1.01 A beam currcnL$  the pavcancc  limits
were 1.15 kV and about 980 V. Drrc to the shallow knee
in the. 1.01 A curve for the n~o}ybdcnum set it is difficult
10 dcwrminc the. Pcrvcanm. limit prcciscly. The higher
accelerator grid currents for the carbon-carkm  grid WI arc a
facility cffcxt.  31m cartmn-cartmn  test was performed at a
background pressure of 2-4 x 1 ()”3 Pa (2-3 x 10-5 Iorr)
while the molybdenum test was ccodwtcd in a diffwcnt,
cry~pumpcd  facility al a back prcx$urc of merely 5 x 1 W
Pa (4 x 10’6 q’err), resulting in lower charge cxhangc ion
production.

i~P’’:z’’”L-i
t 20:

i _ _  .  .  .  . . _ _  .  .  . . _ _
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800 1000 1200 1400
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I;i,g. 14: Pcrvcancc  Mca’surcnlcnLs  for 30-cnl  dia. Dished
~arbon-~arbon  and Molybdenum Grids
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Electron Rdstrcmring Mcasurrmcnts

Elcdr-orr backstrcximirrg data arc shown in Pig.
1 S. lhc minimum awlcrator  voltage at a screen current
of about 1 A is -90 V. The beam voltage was 950 V in
this case, translating into a maximum net-t~total voltage
ratio of 0.91. For 1.7 A .scrwn current, the minimum
accclcmtor  voltage was found to bc around -130 V. } lCR?
the beam voltage was 12S0 V, corresponding to a
maximum ncl-to-total voltage ratio of 0.906, i.e. slightly
Ic..s than for the 1 A value. ‘f’hc  cxmwymnding  value.s for
the clo.w.r gapped mol ybdcnum set rncntioncd above were -
144 V arid-121 Vat bcrrmcurrcntsof  1.76 A and 1.01 A,
rcspcctivcly.

Conclusions

Two so-cm  c a r b o n - c a r b o n  g r i d  .scL$ WIWC
fabricated, including two ]ight-weight carbon-carbon
mount rings, in order to surdy Lhc feasibil i ty of
fabrication, aw.cmbly and opcra[ion of large. dianm~e~
carbon-carbon grid.  Scrcxm, accdcralor and decc]crdtor grid
optics vpcrc marrufactunxt  in ord~ to also tcs[ the. cartro+}-
carbon grids in SAND optics configuration, 3“IIC grids
wcrt rksignezt  to bc rctrofmablc to t he  cu r r en t  N-ml
NSI’AR crrginc. design.

qlrc. carbon-carbon panels were fabricxmxt  fron~
unirtire~lional tape using a [O’/+ RY’/-fi)O],  lay-up resulting
in the strongest quasi-isotropic carbon-carbon known to
the authors. Iligh fiber volume fracLions of 57% lcd to a
ftcxural modulus for these. p?ncls of up to 27S MPa m
atwrrl  80% of the corrcspondirrg  value for molybdenum.
}Iigh ftcxural  modu]i arc a crucial material property for

20+’-’ I

1 8

1 6

[.:’:l

E~
!4

1 2

I’ig. 15: Iilectron Itackstrcxrnlirrg  al Scrccn Currents of 1.7
A and 1.0A.

ion engine grid materials since stronger grids will flex to a
lesser rkgrcc duc to chxtrostatic  stresses or launch
vibrations.

A Ia.scr-machining  process was used to machine
grid I101c.  apertures. Grid contour mcasurcmcnts  ~fommd
after hbrication rcvcalcd that radii of curvature obtained for
the grids wcm~ larger than sprxificd,  wilb larger radii of
curvawrrc.  correlated with higher grid open area fractions.
Scrccm, &.cclemtor  and decdcrator radii of curvatruv  were
23.7 cm, 21.4 cnl and 22.2 cm, rc.spwtivcly,  mmparcd  to
the sfxxificd design valrm of 20.3 cm. Actual radii of
curvature were cstirwrtcd  bawd on hci~ht nleasurcmcmLs  al
the grid ccntcr, assuming a spherical grid contour.
I Iowcvcr,  smal I diffcmnccs  in grid height at opposite
locations of the grid wc.rc  noted and arc on the. order of 0.1
nlm for the accc.lcmor grid and 0.3 - 0.4 mm for t}lc.
decclcrirtor grid could bc noted, indicative of a slight
waq)ing of the grids.

qhc Iargc diffc.rwrcc in radii of c.urvaturr  bctwem
the. .scrcm and wcclcmtor grid dictated that the grids bc
mounted dished inwards in order to obtain the desired fyid-
to-grid  w.paration  on the ccntcrlinc.  Pcrvcancc and electron
b:ickstrcaming wwc fn-forrncd  with this grid set. 711c
pcrvcancc  limit at a 1 A screen current is approxirna[cly  1
kV and for a 1.7 A .screcn currcrrt  it was around 1.4 kV.
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